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We study first-order interference in spontaneous paramet- 
ric down-conversion generated by two pump pulses that do 
not overlap in time. Tlie observed modulation in the angular 
distribution of the signal detector counting rate can only be 
explained in terms of a quantum mechanical description based 
on biphoton states. The condition for observing interference 
in the signal channel is shown to depend on the parameters 
of the idler radiation. 
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Nonclassical interference is one of the most remark- 
able phenomena of quantum optics. In particular, it can 
be observed in experiments with spontaneous parametric 
down conversion (SPDC) j^], a nonlinear optical process 
in which higher-energy pump photons are converted into 
pairs of lower-energy photons (usually called signal and 
idler) inside a crystal with quadratic nonlinearity. It has 
been shown that the state of the signal-idler photon pair 
is entangled in space-time, polarization, or both Due 
to the nonclassical correlation between the signal and 
the idler photons emitted in SPDC, the term "bipho- 
ton" has been suggested Many experiments made 
use of SPDC to demonstrate fascinating topics in quan- 
tum optics, such as Bell's inequalities violation, quantum 
communication, quantum teleportation, etc [Q. All these 
experiments belong to basically the same category: quan- 
tum interference. The existence of the SPDC interference 
enables one to monitor the structure of biphoton fields. 
This effect can be used in quantum communication, com- 
putation, and cryptography jsj. 

Among the variety of interference experiments, there 
is a large group of works where first-order interference 
is observed in signal or idler SPDC radiation emitted 
from spatially separated domains |^-|^ . This kind of in- 
terference is nonclassical. Indeed, each of the signal and 
idler beams has noise (thermal) statistics; from a classical 
viewpoint, spatially separated SPDC sources should ex- 
hibit no interference pattern in the signal or idler beams. 
One cannot observe stable first-order interference of light 
emitted by independent classical thermal sources such as, 
for instance, two similar light-emitting diodes H. To ex- 



plain the interference observed for SPDC radiation, one 
should take into account that each signal or idler photon 
is generated not from some particular point but from the 
whole volume with quadratic nonlinearity, pumped by 
a coherent pump. And indeed, in this case one cannot 
tell whether a photon was born at one point or another 
- the interference is observed in agreement with Feyn- 
man's indistinguishability criterion ]To| . Another inter- 
esting feature of the first-order interference of SPDC is 
that it depends on the phases of pump, signal, and idler 
waves, and one can speak of "three-frequency" interfer- 
ence Moreover, the condition for the interference 
to be observed in, say, signal radiation depends on the 
parameters of the idler radiation ^ . 

In this Letter, we report an experimental observa- 
tion of a novel type of quantum interference, in which 
the sources of two-photon radiation are separated not in 
space but in time, as SPDC is generated from a train 
of coherent femtosecond pulses |12j. Depending on the 
experimental conditions, interference can be observed 
either in the angular distribution of the signal inten- 
sity (first-order interference measured by single-detector 
method) or in the coincidences of photocounts from 
the detectors registering the signal and the idler radia- 
tion (second-order interference measured by two-detector 
method). In this paper, we focus on the first-order inter- 
ference; second-order interference effects will be discussed 
elsewhere. 

Let us consider type-II SPDC field generated in 
a crystal of length L from a train of two short pump 
pulses. The signal radiation is separated from the idler 
one (Fig. 1) and its intensity is measured by a detector 
that selects a sufficiently narrow frequency band and a 
sufficiently small solid angle. (The meaning of the words 
'sufficiently small' will be clear from further considera- 
tion.) 

The pump field dependence on time can be represented 
in the form 



Ep{r, t) = E(t — z/up) exp(—iLUpt + ikpz), 



(1) 
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where Up is the pump group velocity, E(t) is the envelope, 
and LDp is the pump central frequency. It is supposed 
that the spectral band of the pump is much less than 
LOp (quasi- monochromatic case). If the pump consists of 
two identical pulses separated in time by Tp, then E{t) = 
£'o(i) + EQ{t + Tp) ex.p{—iLUpTp), where Eo{t) is a single- 
pulse envelope. 

In the first order perturbation theory, the quantum 
state of SPDC is given by M 
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|vl/) = |mc)+ Vi^fc^,fcjl)fcjl)fe., 



where Fk^^ki is the two-photon spectral function, 



F, 



dt' d^rE(t' - z/up) 
n- Jto Jv 

X exp{-i{ujp -LOs - uJi)t' + i(kp - - k^) ■ r}, 



(2) can be observed in several ways. One can observe inter- 
ference by varying or by varying Tp, which both en- 
ter the squared cosine in Eq.(||). In this work, however, 
we obtain the modulation by varying the signal angle of 
scattering. This is possible since ki, hence uji{ki), actu- 
ally depends on 6s. This can be shown by expanding uji 
in the vicinity of LUp/2. 
^g-j The sinc-square function in the integral (j^) is much 



narrower than the cosine modulation if 



and the notation |l)A:s|l)fei means a two-photon state in 
the modes kj , k^ . 

Since the pump pulse is bounded in time, the inte- 
gration over t' can be extended to infinite limits. As a 
result, it gives the Fourier transform of the pump enve- 
lope, E(uJs + i-^i ^ i-^p), which in the cw case becomes a 
(5-function, 6{lUs + uji — ujp). We obtain 



Fk^,ki 
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E{ujs +u}i- ujp)S{ksx + kix) 
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where, for example, kg^x and ks^z are the transverse and 
longitudinal components of the signal wavevector, respec- 
tively. For a two-pulse pump, the envelope spectrum is 

E{uj) — £^o(^)cos — tjp)^!, with Eq{lu) denoting 

the Fourier transform of the single-pulse envelope. 

The probability of detecting a biphoton is Pc = 
\Fk^,ki\'^- Since we are dealing with a two-photon state, 
the probability Pg of a photocount from the signal detec- 
tor is calculated by integrating Pc over all idler modes. 
Thus, the photon counting rate in the signal detector is 
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dhzdk,x\Fi 



An^xL I 2 
-2 I dkiz\Eo{uJs+UJi{ki)-ujp)\ 



X cos^ \ {lus +uji{ki))Y 



UJs + OJi(ki) - LOp 



where uji{ki) is the dispersion dependence for the idler 
beam and kix — — fegCOS^s, with 9^ denoting the signal 
angle of scattering. 

The cosine modulation in Eq. (||) will not be averaged 
out by the integration over kiz if the squared sine function 
is much narrower than this modulation. In this case the 
squared sine acts as a delta-function in the integral, thus 



Rs{ujs,9s) ^ \Eo {uJs + iOi{ki) - ujp)\^ 
xcos^ |(wg +uj,{ki))^ 



(6) 



Clearly, Eq.(||) gives a modulated structure for the 
counting rate of the signal detector. This modulation 
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-dui/dkz 



(7) 



For near-coUinear scattering, we can take approximately 
duji/dkzi — dui/dki = Ui. Hence, we obtain the follow- 
ing condition for observing the first-order interference in 
SPDC from a two-pulse pump: 
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L{u-^ 



Tr, 



> 1. 



(8) 



(4) 



The other condition is the assumption we have used 
when obtaining Eq. (^) : the signal detector should select 
a sufficiently narrow frequency band and a sufficiently 
small solid angle. Indeed, the interference structure will 
be wiped out if Eq. (||) is integrated over a broad band 
of signal frequencies or angles of scattering. Thus, the 
requirement to the frequency band of the signal detector 



(9) 



In the experiment, the pump is the frequency-doubled 
radiation from a mode-locked Ti:Sapphire laser with ini- 
tial central wavelength 800nm. After frequency doubling, 
the pulse duration is 140fsec, and the repetition rate is 
90MHz. The pump pulse is then fed into the polarization 
pulse splitter consisting of two Glan prisms G and a set 
of quartz rods QR placed between the prisms (Fig. 1). 
The axes of the Glan prisms are parallel to the pump 
polarization. The 'fast' and 'slow' axes of the quartz 
j'g^ rods lie in the plane normal to the pump beam and are 
directed at 45° to the pump polarization. Due to the 
birefringence of the quartz rods, at the output of the po- 
larization splitter each pump pulse is transformed into 
two pulses that have equal amplitudes but are delayed 
in time with respect to one another by Lq{u~^ — u~^), 
where Lq is the total length of the quartz rods and Uo, 
Ue are group velocities of the ordinary and extraordinary 
waves in quartz at the pump wavelength (400nm). The 
SPDC radiation is generated in a BBO crystal cut for 
coUinear frequency-degenerate type-II phase matching. 
The SPDC radiation is separated from the pump radia- 
tion by means of a prism (P) and a pinhole. A polarizing 
beam splitter (PBS) separates the signal radiation from 
the idler one, and the idler beam is discarded. The detec- 
tor (an avalanche diode operating in the Geiger mode) is 
placed at the focal plane of a lens (F = 20cm), so that the 
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transverse displacement of the detector is proportional to 
the angle of scattering, x ~ F9s- In front of the detec- 
tor, we place one of the three narrow-band filters (IF) 
with central wavelength As = 2Ap = 800nm and band- 
widths AAs = 1,3, and lOnm, respectively, for different 
measurements. The intensity of the signal radiation is 
measured as a function of the angle of scattering, Is{Os). 
The angle is scanned by using a step motor (SM) that 
moves the detector in the focal plane of the lens. The pa- 
rameters are bandwidth of the filter, AA^, and the time 
delay between the two pump pulses, Tp, which is varied 
by using quartz rods with total length Lq = 20, 12.5, and 
7.5mm, corresponding to the delays Tp — 744, 465, and 
279fsec, respectively. 

The fact that each pair of pulses is actually repeated 
at a rate of 90 MHz leads to a fine structure in the single- 
counting distribution (^), which is much narrower than 
the bandwidth of the filters we use in our experiment. 
Therefore, it is not observable. 

To test Eq. (||), we use a BBO crystal of length 3mm 
to generate SPDC. In Fig. 2, the intensity is plotted ver- 
sus the detector displacement for all three delays Tp. All 
dependencies are obtained with the 1 nm interference fil- 
ter. Note that in this case, condition (||) is satisfied for 
all three delays: tt/AlUs ^ 2000 fs. However, the in- 
terference visibility in all plots is different. The highest 
visibility of the interference pattern is observed for the 
smallest time interval between the pulses, 279fsec, with 
Q ~ 3 [Fig. 2(a)]. For the intermediate delay, 465fsec, 
the interference pattern is observed with lower visibility 
[Fig.2(b)]. In this case, Q 2. Evidently, Eq. (|) is not 
satisfied for the largest delay 744fsec {Q ~ 1), therefore, 
in this case the interference structure completely van- 
ishes [Fig. 2(c)]. For comparison, the angular spectrum 
of SPDC in the case of a single-pulse pump is shown in 
Fig. 2(d). In agreement with Eq. (^), the modulation pe- 
riod is larger for smaller delays. In all experimental plots, 
positions of the oscillation peaks are determined by the 
delay introduced between the pump pulses, in perfect 
agreement with the theoretical calculation [shown by ar- 
rows in Figs. 2(a),(b),(c)]. However, the theory discussed 
above does not give explicit description of the observed 
asymmetry of the angular spectral envelope. In this Let- 
ter, we only focus on the interference modulation; the 
shape of the angular spectrum envelope will be consid- 
ered elsewhere. 

The spectral width of the filter, AAs, has a strong in- 
fluence on the interference pattern. Changing the filter 
bandwidth from Inm to 3nm, we observed a considerable 
decrease of the visibility. At AAg — lOnm, no interference 
structure was observed, in agreement with condition (0). 

Let us give a physical interpretation of condition ^) 
for observing the first-order interference in SPDC signal 
radiation from a two-pulse pump. Note that although it 
is the signal radiation that one detects, Eq. (^) contains 
only the pump and the idler parameters. 

Considering only the signal radiation, it would seem 
that the only condition for the first-order interference to 



take place is Eq. (g), which states that the filter inserted 
in front of the signal detector should have smaller band- 
width compared to the pump spectrum modulation. In- 
deed, if the signal photon wavepackets are spread in time 
by more than Tp, the signal photons born from different 
pump pulses are at first sight indistinguishable. How- 
ever, it is worth remembering that the indistinguishabil- 
ity criterion should be understood as indistinguishability 
in principle. In principle, we could equip our setup by an 
idler detector with a broad-band filter and register pho- 
tocounts from the idler detector (Fig. 3). Then for each 
signal photon, detection of its twin idler photon is well 
localized in time with respect to the pump pulses, which 
could mean that we can always distinguish between a 
pair born from the first pulse and a pair born from the 
second pulse. Let us recall now that the BBO crystal has 
finite length L. Then a photocount in the idler detector 
can appear delayed from the corresponding pump pulse 
by any time < t < Ati,Ati L{u~^ - u"^) (Fig. 3). 
Idler photocounts from different pump pulses become in- 
distinguishable if Ati ^ Tp, and we obtain the second 
necessary condition for the interference, which is Eq. (|^). 

There is an analogy between the first-order interfer- 
ence observed for SPDC generated from two spatially 
separated domains and for SPDC generated from two 
separate pump pulses. Indeed, condition (H) ensures that 
the crystal is long enough so that an idler photon gener- 
ated by the first pump pulse can meet the second pulse 
(see Feynman diagram in Fig. 3). In the case of spatially 
separated SPDC sources, first-order interference [^,|| is 
possible when idler waves propagate through both spa- 
tial domains where SPDC take place [Q. Similarly to 
Ref . ^ , where the effect has simple explanation in terms 
of the pump angular spectrum, here it can be explained 
by the cosine modulation of the pump frequency spec- 
trum. Condition (^) has the following spectral interpre- 
tation: the typical scale of the pump spectrum modula- 
tion should be much larger than the width of the idler 
radiation spectrum, which is determined by the length of 
the crystal ||]. 

In conclusion, we have demonstrated the first-order in- 
terference of nonclassical light generated from two pump 
pulses well separated in time. The interference is ex- 
plained by a quantum mechanical calculation in terms of 
biphoton states. The interference pattern is observed in 
the angular distribution of the signal intensity. Interfer- 
ence takes place if the following condition is satisfied: the 
time indeterminacy of the delay between the idler photon 
and the corresponding pump pulse is much larger than 
the time interval between the pump pulses. From the 
spectral viewpoint, this condition means that the modu- 
lation of the pump spectrum, determined by the distance 
between the pulses, should be much larger than the width 
of the idler radiation spectrum from a cw pump, deter- 
mined by the crystal length. Thus, the interference visi- 
bility is sensitive to the crystal length. It is also sensitive 
to the spectral width of the narrow-band filter used for 
the frequency selection of the signal radiation. 
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FIG. 1. Experimental setup. Incident single pulse is di- 
vided into two temporally separated pulses (Tp) by the use of 
two Glan prisms and a set of quartz rods. CoUinear degener- 
ate type-II SPDC is generated from the BBO crystal pumped 
by the two pulses. The angle of scattering is scanned by mov- 
ing a detector (D) in the focal plane of the lens. Interference 
filters (IF) with bandwidth Inm, 3nm, and lOnm are used for 
spectral selection of the signal. 
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Position of the detector (mm) 
FIG. 2. The angular spectrum of SPDC intensity for three 
values of Tp-. (a) 279fsec, (b) 465fsec, (c) 744fsec. The angle 
of scattering is connected with the position of the detector x 
as Os = j;, F = 20cm. The bandwidth of the interference 
filter is Inm for all three plots. Arrows indicate calculated 
positions of interference maxima. The plot (d) shows the 
angular spectrum of SPDC in the case of a single pump pulse. 
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FIG. 3. (a) photocounts from a broad-band idler detector 
can be used to distinguish between signal photons generated 
from different pump pulses. Each idler photocount comes 
after the corresponding pump pulse, with the time indeter- 
minacy of ISti = L{u~^ — u~^) (shown by a grey square). If 
Ati < Tp, signal photocounts from different pump pulses are 
distinguishable, (b) Feynman diagram illustrating the delay 
between the pump pulse and the idler photon inside the BBO 
crystal. 
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